Measurements of total phytate phosphorus content of diets may be deceptive as they do not indicate substrate availability for phytase; it may be that measurements of phytate susceptible to phytase effects are a more accurate measure of phosphorus (P) availability to the bird. To verify this hypothesis, an experiment was conducted to compare diets formulated to contain either high or low susceptible phytate, supplemented with either 0 or 500 FTU/kg phytase. Susceptible phytate was determined by exposing the feed samples to conditions that mimicked the average pH of the proximal gastrointestinal tract (pH 4.5) and the optimum temperature for phytase activity (37 C) and then measuring phytate dissolved. Ross 308 birds (n ¼ 240) were fed one of 4 dietary treatments in a 2 Â 2 factorial design; 2 diets with high (8.54 g/kg, 57.90% of total phytate) or low (5.77 g/kg, 46.33% of total phytate) susceptible phytate, containing 0 or 500 FTU/kg phytase. Diets were fed to broilers (12 replicate pens of 5 birds per pen) from d 0 to 28 post hatch. Birds fed diets high in susceptible phytate had greater phytate hydrolysis in the gizzard (P < 0.001), jejunum (P < 0.001) and ileum (P < 0.001) and resulting greater body weight gain (BWG) (P ¼ 0.015) and lower FCR (P ¼ 0.003) than birds fed the low susceptible phytate diets, irrespective of phytase presence. Birds fed the high susceptible diets also had greater P solubility in the gizzard and Ca and P solubility in the jejunum and ileum (P < 0.05) and resulting greater tibia and femur Ca and P (P < 0.05) content than those fed the low susceptible diets. All the susceptible phytate was fully degraded in the tract in the absence of added phytase, suggesting the assay used in this study was able to successfully estimate the amount of total dietary phytate that was susceptible to the effects of phytase when used at standard levels. No interactions were observed between susceptible phytate and phytase on phytate hydrolysis. Hydrolysis of phytate was greater (P < 0.05) in the gizzard of birds fed the diets supplemented with phytase, regardless of the concentration of susceptible phytate in the diet. Phytase supplementation resulted in improved BWG (P < 0.001) and FCR (P ¼ 0.001), increased P solubility (P < 0.001) in the gizzard, Ca and P solubility (P < 0.001) in the jejunum and ileum and Ca and P concentration (P < 0.001) and strength (P < 0.001) in the tibia and femur. Pepsin activity was higher in birds fed the diets supplemented with phytase (P < 0.001) and was greater (P ¼ 0.031) in birds fed the high susceptible phytate diets compared with the low susceptible phytate diets. Findings from this study suggest that there may be a measure more meaningful to animal nutritionists than measurements of total phytate.
Introduction
Insoluble phytateemineral precipitates and soluble mineralephytate complexes may be resistant to hydrolysis by phytase (Maenz et al., 1999) . In calculating the phosphorus (P) available from a diet following phytase addition, the total phytate-P concentration of a diet may be misleading because the total amount of phytate in the diet does not represent the quantity of P available for hydrolysis. This suggests the relative solubility and susceptibility of phytate to phytase, particularly at the pH of the gastrointestinal tract, should be accounted for when formulating with phytase and using phytate P as a replacement for inorganic P, as this may account for some of the anecdotal reports of apparent 'phytase failure' in diets.
Phytate susceptibility is determined by exposing samples to conditions that mimic the proximal gastrointestinal tract pH and optimum temperature for phytase activity and then measuring phytate P released. This is then assumed to be the proportion of total phytate that is susceptible to phytase degradation. Phytate susceptibility varies considerably between diets and is dependent upon the ingredients used, mineral concentrations, protein and solubility of the phytate. Gastrointestinal pH also has a significant impact on phytate susceptibility, because it is the addition of H þ ions to the weak acid phosphate groups of phytate that convert it from being resistant to susceptible to the effects of phytase (Maenz et al., 1999) . In this study, the measured total and determined susceptible phytate contents of the individual feed ingredients were analysed and diets were formulated based on these values. Diets were designed to examine the following hypothesis: degree of phytate susceptibility rather than total phytate will dictate level of response to phytase enzyme supplementation as measured by growth performance, gastrointestinal phytate hydrolysis, pepsin activity, mineral solubility and bone mineral concentration.
Material and methods

Dietary treatments
Birds were fed one of 4 dietary treatments in a 2 Â 2 factorial design; 2 diets with either high or low determined susceptible phytate content (as a percentage of total phytate), supplemented with either 0 or 500 FTU/kg phytase (Quantum Blue AB Vista Feed Ingredients) (Table 1) . Diets were mixed in house using a ribbon mixer and fed in mash form. Diets were formulated to be adequate in all nutrients.
Diets were analysed for gross energy by bomb calorimetry (Robbins and Firman, 2006) and for dry matter and protein content (calculated as nitrogen multiplied by 6.25) by the AOAC standard methods (930.15 and 990.03, respectively) . Phosphorus and Ca contents of the diets were analysed by inductively coupled plasma-optical emission spectroscopy (ICP-OES) following an aqua regia digestion step (AOAC 985.01, Leytem et al., 2008) . Titanium dioxide was added at a rate of 0.5% to act as an inert marker for nutrient digestibility evaluation and the dietary content quantified by ICP-OES following aqua regia digestion (Morgan et al., 2014) . Total phytate content was analysed by a KPhyt assay (Megazyme, Wicklow, Ireland, UK). This assay quantitatively measured available P released from the samples. Diets were formulated based on the susceptible phytate content of the feed ingredients to ensure that the percentage of total phytate in the diets that was susceptible to phytase differed. Susceptible phytate content of the feed ingredients and trial diets was analysed by a modified version of the Megazyme K-Phyt assay described above. Fifty millilitres of warmed acetate buffer (2.5 M acetic acid and 2.5 M sodium acetate, pH 4.5, 37 C) was added to 10 g of diet sample. This pH was chosen to mimic the average pH of the proximal gastrointestinal tract and the temperature was chosen as the optimum temperature for phytase activity. The samples were incubated at 37 C for 5 min and then 2 mL was centrifuged at 9,500 Â g for 10 min at room temperature. A 0.5-mL resulting supernatant was then neutralised with 0.5 mL 0.25 M NaOH and the pH was read using a spear tip piercing pH electrode (Sensorex, California, USA). A 1:3 dilution with ultrapure water was then carried out and phytic acid was measured using the K-Phyt assay. Susceptible phytate content was calculated by dividing the phytic acid content measured by the susceptible phytate assay by the phytic acid content measured by the total phytic acid assay. Supplemented phytase activity of the diets was analysed by Quantiplate Kit for Quantum Phytase (EnviroLogix, Maine, USA). Total phytase activity of the diets and ileal digesta was analysed according to the method of Engelen et al. (2001) . Pepsin activity in the gizzard digesta was determined using 2% bovine haemoglobin as the substrate, based on the method presented by Liu and Cowieson (2011) . Analysed values for each diet are shown in Table 2 .
Birds and husbandry
Ross 308 broiler chicks (n ¼ 240), from a 42-week-old breeder flock, were obtained from a commercial hatchery on the day of hatch. Chicks were randomised by weight, ensuring there was no significant difference in starting body weights across diets, and placed in 0.64 m 2 floor pens in groups of 5, bedded on clean wood shavings. Birds were allowed ad libitum access to the treatment diets and water for the duration of the trial (d 0 to 28). Each treatment was offered to 12 pens from d 0 (1 d post hatch) to 28. The room was thermostatically controlled to produce an initial temperature of 32 C and reduced to 21 C by d 21. The lighting regimen used was 24 h light on d 1, with darkness increasing by 1 h per day until 6 h of darkness was reached and this was maintained throughout the remainder of the study. Institutional and national guidelines for the care and use of animals were followed and all experimental procedures involving animals were approved by the Nottingham Trent University College of Science ethical review committee. Total weight of all the birds per pen was measured on d 0 and 28, and total feed intake of the pen was determined on d 28. Mean individual bird weight and feed intake was calculated, taking into consideration mortalities. On d 28, two birds per pen were euthanised by cervical dislocation and weighed. Gizzard, jejunum and ileum digesta content from the two euthanised birds was then collected, pooled, freeze dried and ground to a fine powder. For each pen, soluble Ca and P were determined in the gizzard, jejunum and ileum digesta by mixing the samples with ultra-pure water, centrifuging and measuring Ca and P contents of the supernatant by ICP-OES. The gizzard, jejunal and ileum digesta samples were analysed for total phytate by the K-Phyt assay and for TiO 2 content by ICP-OES as described previously. The amount of dietary phytate hydrolysed was calculated using the following equation.
Dietary phytate hydrolysed ¼ Dietary phytateÂ ½1 ÀðDigesta phytate Â TiO 2 dietÞ= ðTiO 2 digesta Â Dietary phytateÞ:
This figure was then used to calculate the percentage of phytate remaining in each section of the tract following hydrolysis. Total phytase activity in the ileal digesta samples was analysed in triplicate according to the method of Engelen et al. (2001) .
The right tibia and femur were collected from the two birds per pen and bone strength was analysed in both bones using a TA.XT plus texture analyser (Stable Microsystems, Guildford, UK) set up with a 50 kg load cell and 3 pointebend fixture (Shaw et al., 2010) . The tibia and femur bones were then autoclaved for 15 min at 121 C, defleshed and cartilage caps removed and then oven dried at 110 C for approximately 4 d until constant weight. The dried bones were then ashed for approximately 14 h at 650 C (Hall et al., 2003) and bone ash was calculated as ash weight as a percentage of dry bone weight. A subsample of the ashed bone samples was analysed for Ca and P contents by ICP-OES as previously described.
Statistical analysis
All data were analysed using IBM SPSS statistics version 22. After KolmogoroveSmirnov testing to confirm normality, univariate analysis was conducted to determine interactions between measured factors and one-way ANOVA was used to determine the equality of the means. The model included phytase, phytate susceptibility and the interaction. Treatment means were separated using Duncan post hoc test where appropriate. Correlations between measured factors were analysed by bivariate correlation using Pearson productemoment correlation coefficient. Interpretations of the strength of the relationships between the factors were based on guidelines by Cohen (1988) ; weak relationship r ¼ 0.10 to 0.29, medium relationship r ¼ 0.30 to 0.49 and strong relationship r ¼ 0.50 to 1.0. Statistical significance was declared at P < 0.05. Table 2 Proximate composition of experimental diets (FTU ¼ the quantity of phytase which liberates 1 mmol of inorganic phosphorus per minute from an excess of sodium phytate at 37 C and pH of 5.5). (Engelen et al., 2001) . 4 Phytate-P was calculated as 28.2% of phytate (Tran and Sauvant, 2004) . 5 Non-phytate-P was calculated as the difference between total P and phytate-P.
Results and discussion
The high susceptible phytate diets contained more total phytate than the low susceptible phytate diets, and the phytate was approximately 10% more susceptible to the effects of phytase (Table 2) according to the susceptible phytate assay. Diets were formulated to differ in the percentage of total phytate that was susceptible to phytase effects, and on analysis it was found there was a difference of 11.57%. There were no interactions between susceptible phytate and phytase on phytate hydrolysis or the amount of phytate remaining in the tract (Table 3) . As expected, hydrolysis of phytate was the greatest (P < 0.05) and phytate remaining (P < 0.05) in the tract was the lowest in the gizzard of birds fed the diets supplemented with phytase compared with the birds fed the diets without phytase. The observed values and effects of phytate susceptibility in this study are similar to those presented by Maenz et al. (1999) . Birds fed diets high in susceptible phytate had greater phytate hydrolysis in the gizzard (P < 0.001), jejunum (P < 0.001) and ileum (P < 0.001) than birds fed diets low in susceptible phytate regardless of phytase presence or absence, which confirms that in the high susceptible diet more phytate was available for hydrolysis. However, birds fed the high susceptible phytate diets had more phytate remaining (P < 0.05) in the gizzard than those fed the low susceptible phytate diets, likely due to the comparatively higher total phytate content of the high susceptible phytate diets (Table 3) .
Findings from this study suggest that, in diets with high phytate content and standard phytase doses, 60% of the total phytate escaped degradation in the gizzard and was hydrolysed further along the tract (Table 3) . As feed passes through the small intestine more phytate was hydrolysed in the high susceptible diet than the low susceptible diet, such that by the jejunum the difference between diets in phytate remaining has disappeared. This suggests that susceptibility of phytate in the small intestine is as essential as its susceptibility in the gizzard. This is also highlighted by the strong relationships observed between remaining susceptible phytate in the ileum and ileal phytase activity in birds fed the high susceptible diets (r ¼ 0.500, P ¼ 0.018 for High 0 FTU and r ¼ 0.694, P ¼ 0.013 for High 500 FTU) (Table 4 ). This suggests the assay for measuring phytate susceptibility may require amendment as involves just exposing the feed samples to pH conditions that mimic the gastric phase. The solubility of phytate complexes is dependent on a number of factors, including duration of incubation, pH, molar ratio of the mineral to phytate and presence of multiple cations (Maenz et al., 1999) . The amount of phytate hydrolysed by the terminal ileum in the control diet was very similar to the susceptible phytate content of the diets (Table 3 ), indicating that all the susceptible phytate was fully degraded in the absence of added phytase. Phytase addition extended phytate hydrolysis even further, and this was regardless of the level of susceptible phytate, as indicated by a lack of phytate Â phytase interaction.
Performance
Body weight gain (P ¼ 0.015) and FCR (P ¼ 0.003) were significantly improved in birds fed the diets with high susceptible phytate compared with those fed the diets with low susceptible phytate (Table 4 ). This coincides with the fact there was greater phytate hydrolysis in birds fed the high susceptible diet (Table 3) , although the amount of phytate remaining did not differ between diets at this point. The susceptible phytate fraction may thus indicate the "active" fraction of phytate which takes part in interfering with digestion, and the greater level of hydrolysis of this fraction in the high susceptible diet may be correlated with improved performance. Analysis of the dietary ingredients prior to diet formation revealed that approximately 47% of the phytate in the wheat bran was susceptible to the effects of phytase, whereas approximately 94% of the phytate in the rice bran was susceptible to hydrolysis by phytase. If the above hypothesis is correct, i.e., that the anti-nutritive susceptible phytate can be removed if sufficient phytase is available, then it may suggest that rice bran can be significantly improved through usage of high doses of phytase. The positive effect of phytate susceptibility on bird performance may not be just due to a direct effect on mineral and protein availability, because binding of phytate to metallic cations not only makes them unavailable as nutritional components but also has an impact on cell vesicular trafficking, DNA signalling and repair and endocytosis (Bohn et al., 2008) . Phytase supplementation improved BWG (P < 0.001) and FCR (P ¼ 0.001) regardless of the level of susceptible phytate (Table 4) and there were strong correlations between ileal phytase activity (Table 5) and BWG (r ¼ 0.555, P ¼ 0.031) and FCR (r ¼ 0.559, P < 0.001) ( Table 4 ). This may be partly due to increased P availability and improved amino acid digestion, as supplemental phytase improved access to phosphorus and amino acids from phytate complexes. Also, in the diets with phytase there was likely comparatively less precipitation of protein with phytate. It would be advantageous in future studies to investigate the phytase responses in pellet diets as opposed to mash diets as poultry producers predominantly feed steam-pelleted diets and hydrothermal treatment may change the property and solubility of phytate.
Pepsin activity
In this study, pepsin activity increased (P < 0.001) with phytase supplementation in the diet, regardless of the level of susceptible phytate, suggesting phytase has a direct effect on pepsin activity Table 3 Dietary phytic acid remaining and hydrolysed after hydrolysis in the gizzard, jejunum and ileum (g/kg dry matter) in 28-d-old broilers fed diets containing either high or low susceptible phytate, supplemented with either 0 or 500 FTU/kg phytase (FTU = the quantity of phytase which liberates 1 mmol of inorganic phosphorus per minute from an excess of sodium phytate at 37 C and pH of 5.5). ( Table 5 ). It is known that phytate binds to pepsin directly or the peptide that activates pepsin (Yu et al., 2012) , and the inhibition of pepsin was removed by hydrolysis of a portion of the phytate in the gizzard in the presence of phytase. Destruction of phytate would therefore increase the production of pepsin and thus explain this result. However, birds fed the high susceptible phytate diets had significantly higher pepsin activity (P ¼ 0.031) runs counter to the above hypothesis, and suggests that pepsin secretion was stimulated by the high susceptible diet. Clearly these two observations seem irreconcilable unless the susceptible phytate assay does not predict gastric conditions correctly.
Mineral solubility and absorption
The fact that the solubility of (P < 0.05) P in the gizzard and the solubilities of Ca and P in the jejunum and ileum were greater in birds fed the high susceptible phytate diets (Table 6) , despite the higher level of total phytate in this diet, suggests that if phytate plays a role in the solubility of these minerals, it may be dependent upon where the phytate originates. The lack of any interaction (with the exception of Ca in the gizzard) suggests the highly susceptible phytate is less likely to bind Ca and interfere with P availability, especially as pH increases in the distal part of the intestinal tract. In the gizzard, phytase improved Ca and P solubility regardless of the susceptibility of phytate in the diets, which at least confirms the tenet that phytate binds Ca and reduces its availability, but it did it to a greater extent in the low susceptible diets than the high. An interesting observation however was that the correlation between susceptible phytate remaining and solubility of Ca in all sections of the intestine was the greatest when phytase was added, suggesting that release of Ca into the aqueous phase is tied to the hydrolysis of this fraction of phytate.
Bone strength and mineralisation
The direct effect of phytase on both diets increased hydrolysis of phytate-bound Ca and P and likely reduced the anti-nutritional effects of phytate on other divalent cations. This resulted in birds fed the diets with phytase having increased (P < 0.05) tibia and femur Ca and P content and strength (Table 7) , which is in agreement with a number of previously published studies such as Angel et al. (2006) , Applegate et al. (2003) and Kocabaúli (2001) . The lower tibia and femur Ca and P content in birds fed the low susceptible diet compared with the high susceptible is in line with all other observations to date relating to Ca and P solubilities, and thus reduced availability of these minerals for absorption and partitioning toward bone Ca and P.
Conclusion
The organic P component of feed ingredients fed to poultry exists in both phytase-susceptible and phytase-resistant forms, and binding of divalent cations to phytate can cause a portion of dietary phytate to be resistant to hydrolysis by phytase. It was hypothesised that formulating a diet to be rich in susceptible phytate would result in particularly poor performance and a particularly large Table 4 Feed intake (FI), body weight gain (BWG) and feed conversion ratio (FCR) in 28-day-old broilers fed diets containing either high or low susceptible phytate, supplemented with either 0 or 500 FTU/kg phytase. 3 FTU is the quantity of phytase which liberates 1 mmol of inorganic phosphorus per minute from an excess of sodium phytate at 37 C and pH of 5.5. 4 Strength of the relationship between the amount of susceptible phytate remaining after hydrolysis in the gizzard, jejunum and ileum and BWG. 5 Strength of the relationship between the amount of susceptible phytate remaining after hydrolysis in the gizzard, jejunum and ileum and FCR. 3 FTU is the quantity of phytase which liberates 1 mmol of inorganic phosphorus per minute from an excess of sodium phytate at 37 C and pH of 5.5. 4 Strength of the relationship between the amount of susceptible phytate remaining after hydrolysis in the gizzard and pepsin activity. 5 Strength of the relationship between the amount of susceptible phytate remaining after hydrolysis in the gizzard, jejunum and ileum and ileal phytase activity.
response to added phytase. In fact, this study showed that birds fed diets with high susceptible phytate content had significantly better cumulative BWG and FCR, P solubility and phytate degradation in the gizzard, jejunum and ileum, higher pepsin activity and femur Ca and P and tibia P content at d 28 than birds fed diets with low susceptible phytate content. In this regard, the susceptible phytate assay did show that the diets were different, but the inverse of what was expected was the result. It is possible that the low susceptible diet presented phytate which was co-ordinated with chelates which were more difficult to hydrolyse and hence the result reflected the type rather than the quantity of susceptible phytate. Indeed the assay used was really a measure of phytate solubility in vitro and not necessarily its availability or susceptibility in vivo. Consequently, further work is needed to improve the quality of the assay and to understand material differences in phytate released from different ingredients and the physico-chemical properties of the phytate beyond buffer solubility and mineral interactions, but these data do suggest that there may be a measure more meaningful to animal nutritionists than total phytate. 3 FTU is the quantity of phytase which liberates 1 mmol of inorganic phosphorus per minute from an excess of sodium phytate at 37 C and pH of 5.5. 4 Strength of the relationship between the amount of susceptible phytate remaining after hydrolysis and Ca and P solubility in the section of tract.
Table 7
Tibia and femur strength, ash and Ca and P content in 28-day-old broilers fed diets containing either high or low susceptible phytate, supplemented with either 0 or 500 FTU/kg phytase. 3 FTU is the quantity of phytase which liberates 1 mmol of inorganic phosphorus per minute from an excess of sodium phytate at 37 C and pH of 5.5.
